HSC normally suffers from low stiffness and poor strain capacity after exposure to high temperature. High strength confined fibrous concrete (HSCFC) is being used in industrial structures and other high rise buildings that may be subjected to high temperature during operation or in case of an accidental fire. The proper understanding of the effect of elevated temperature on the stress-strain relationship of HSCFC is necessary for the assessment of structural safety. Further stress-strain model of HSCFC after exposure to high temperature is scarce in literature. Experimental results are used to generate the complete stress-strain curves of HSCFC after exposure to high temperature in compression. The variation in concrete mixes was achieved by varying the types of fibre, volume fraction of fibres, and temperature of exposure from ambient to 800 ∘ C. The degree of confinement was kept constant in all the specimens. A comparative assessment of different models on the high strength confined concrete was also conducted at different temperature for the accuracy of proposed model. The proposed empirical stress-strain equations are suitable for both high strength confined concrete and HSCFC after exposure to high temperature in compression. The predictions were found to be in good agreement and well fit with experimental results.
Introduction
It is well known that the higher load carrying capacity of high strength concrete is normally accompanied by more brittle behaviour; however, this property can be compensated in a rational manner through incorporating the confinements by lateral reinforcement with and without fibres [1] [2] [3] [4] [5] [6] . The concept of using a combination of suitable randomly distributed discrete fibres with nominal amount of lateral steel has been discussed in the literature to ease the requirement of high amount of confinement in the plastic hinge regions of high strength concrete columns [7, 8] . Fibre reinforced high strength confined concrete is becoming very popular in recent decades due to the excellent earthquake resisting characteristics such as high ductility and improved strength. As a result, numerous experimental studies have been carried out in recent years to examine the strength, the ultimate strain, and the postpeak stress relationship of fibre reinforced high strength confined concrete at ambient temperature [9] [10] [11] [12] [13] . Although reinforced concrete structures are generally considered to be resistant to fire, but the fire performance of these structural elements must be understood before they are used with confidence. Previous investigations have indicated that high strength concrete elements are susceptible to thermal spalling, loss of strength, and degradation of mechanical properties when subjected to rapid heating on rising in temperature [14] [15] [16] [17] . The use of steel and polypropylene fibres has been recommended by most of the researchers to reduce and eliminate the risk of thermal spalling and also enhance the residual mechanical properties of high strength concrete at elevated temperature. The inclusion of polypropylene fibres in concrete takes benefits from porosity generated through melting of fibres and produces a finer residual capillary pores structure. Further, the addition of steel fibres may offer improvement in tensile strength of concrete to control crack formation and propagation and hence potentially improve the residual performance of concrete after exposure to high temperature [17] [18] [19] [20] [21] [22] [23] [24] [25] . The residual stress-strain response of confined concrete should be known to predict the postfire condition of concrete structures. Therefore, the knowledge of residual stress-strain model of confined fibre reinforced high strength concrete becomes important in case of structures built with such concrete. Many empirical models are available in the literature to predict the stress-strain curve of confined plain and fibre reinforced high strength concrete at room temperature [7] [8] [9] [10] [11] [12] [13] . However, the same cannot be applied due to the fact that the residual compressive strength of confined fibre reinforced high strength concrete decreases and strains increase considerably after an exposure to high temperature [17, 18] . Thus, the available confinement models developed under ambient room temperature conditions would overestimate the strength and underestimate the strains if applied to heated confined fibre reinforced high strength concrete. The published data on the stress-strain modeling of confined concrete columns exposed to high temperatures are scarce. To the best of our knowledge, only three models have been developed in the past to estimate the compressive stress-strain curve of heated confined concrete [17, [26] [27] [28] [29] [30] . The critical review of the existing literature also indicates that there is no stress-strain model proposed in the past to estimate the postfire residual behaviour of confined fibrous high strength concrete. In view of this, a suitable stress-strain model is being proposed here, which shall be applicable to both circular confined high strength concrete and fibre reinforced high strength confined concrete after exposure to high temperature or postheated condition for different temperatures.
Experimental Investigation
Experimental evidence of a total of 105 compressed high strength reinforced concrete circular columns confined by lateral steel with and without fibres after exposure to high temperature was selected to study the residual stress-strain relationship of confined concrete. A summary of this previous experimental work with details of specimens and variables considered is given in Table 1 . An experimental investigation has been carried out [17, 18] , and it has been found that the variables significantly affect the behaviour of confined concrete at high temperature. Tests have shown that the residual postfire strength and strain capacities of confined fibre reinforced concrete were better than those of comparable confined nonfibre concrete.
Model Comparison
The experimental results of CBH series of high strength confined concrete after exposure to high temperature [17] were used for the validation of the best model among them [29, 30] . The predictions of the model along with experimental results of [17] , and theoretical model of [3, 4] are presented in Figure 1 (a). There are several models available in literature to represent the stress-strain behaviour of confined concrete at ambient temperature. In these two models one is Mander et al. 's [4] model and the other is Scott et al. 's [3] model, which were modified by [30] , for stressed test at elevated temperature. In our study these modified models [30] are referred to as model 1 and model 2. Model 3 was originally proposed by [29] , on the basis of their experimental results of square high strength concrete confined column after exposure to high temperature for residual test method.
The existing analytical model of [30] agrees well with the experimental observations at lower temperature but it deviates sharply from the experimental results when the temperature increases. However, both results deviate widely from the experimental result with the increase of temperature. These models have limited validity in terms of concrete strength, section geometry, transverse reinforcement, and test conditions. The models of [30] are applicable to confined concrete in heated condition only and cannot be used to predict the postfire residual behaviour of confined concrete. Further, the residual stress-strain model of [29] was developed using the test data of square prisms of high strength concrete at elevated temperature. Therefore, the model may not be applicable to circular confinement column of high strength concrete. Similarly, both models were calibrated based upon the test data in which the cover spalling was not addressed and the contribution of the entire section including the cover was considered rather than accounting for the contribution of confined concrete only. Therefore, these models did not provide the exact behaviour of confined high strength concrete circular column at different temperatures. Further, due to the unavailability of experimental data of confined concrete at elevated temperature or when exposed to high temperature, high variability exists in the prediction of the postpeak stress and strain at different temperature which required further additional experimental results to justify the suitability of the models. However, it can be observed that the model prediction follows the experimental results very closely. The model provided better results than the previous models.
Residual Stress-Strain Model for Confined Concrete
The test results of [17, 18] , show that the residual stress-strain characteristics of confined plain and fibre reinforced high strength concrete depend upon the characteristics of lateral confining steel, properties of fibres, and temperature of exposure. The effects of lateral confining steel and temperature have been taken into account by defining a nondimensional parameter / , where, is the effective lateral confining pressure at peak confined stress of heated confined concrete. Parameter / has been designated as confinement index of heated transverse confining reinforcement, where is given by = . Following are the expressions for computing and for heated confined concrete:
where is the clear spacing of ties, is the longitudinal reinforcement ratio in the core section, is the core diameter Advances in Civil Engineering 3 / of perimeter tie, is the volumetric ratio of confining tie steel, and ℎ is the residual yield strength of confining reinforcing bars heated to a temperature T ∘ C. In the case of laterally confined high strength concrete specimens in the presence of fibres, it was observed from the experimental data that the addition of fibres tends to further increase the strength and deformability of concrete as compared to the case of transverse reinforcement alone. Thus, the various parameters of the proposed model have been related to the reinforcing index, RI, of fibres to take into account the effect of introducing fibres in HSC mix, where reinforcing index RI = ( / ). The experimental results have indicated that the steel and polypropylene fibres affect the stress-strain behaviour of confined concrete differently. Therefore, the various parameters were calibrated in terms of both the reinforcing indices of steel fibres (RI) and polypropylene fibres (RI) to incorporate their individual effects by carrying out a multiple regression analysis.
The stress-strain model being proposed here has been defined in terms of confined strength, , corresponding strain, , and the postpeak strain, 50 . An analysis of the overall test data from the present study shows that the inclusion of fibres, especially steel fibres, in concrete causes enhancements in strength and deformability of confined HSC and provides indirect confinement to concrete. While the effect of confinement due to the lateral reinforcement and the influence of temperature could be incorporated by the confinement index / , the indirect confinement of fibres was accounted by defining an equivalent index / for fibres, where parameter represents the indirect lateral confining pressure provided by the fibres. Parameter has been related empirically to the reinforcing index of fibres and temperature of exposure. Based upon the observations from the test data, it is reasonable to assume that the contribution of any given fibre towards the strength enhancement shall be different from that of strain capacities. Therefore, different expressions have been proposed for in deriving the equations of parameters , , 50 of stress-strain curve. The following equations for residual maximum confined stress, , corresponding strain, , and the postpeak strain, 50 , were derived by carrying out multiple regression analysis:
(1) Expression for peak confined stress:
(2) Expression for peak confined strain:
(3) Expression for strain at 50% of peak confined stress in descending side:
where coefficients 1 (MPa), 2 (MPa), and 3 (MPa) quantify the lateral confining pressure contributed by the steel fibres towards residual confined strength, , corresponding strain, , and the postpeak strain, 50 , respectively. They are defined as follows: 
Figures 2(a)-2(c) compare the experimental results with the proposed model predictions from the above expressions. The ascending branch of the stress-strain curve is based on the relationship originally proposed by [31] and later considered by [12, [32] [33] [34] to predict the ascending part of the confined concrete at ambient conditions. In the proposed model, the same expression has been modified to predict the ascending branch of the stress-strain curve of heated confined concrete. Further, an examination of the test curves indicated that the residual stress-strain curve of both plain and fibre reinforced confined high strength concrete can be correctly predicted by the following expressions. It can be seen that the analytical predictions are in good agreement with the test values.
where
is the initial tangent modulus of elasticity of heated confined plain and fibrous high strength concrete and is computed by where is the initial tangent modulus of elasticity of confined HSC at ambient temperature. The descending branch is given by
where 1 and 2 are the coefficients which control the general slope and curvature of the descending branch, respectively. The expressions for 1 and 2 are given by
Though the above equations have also the same basic form as proposed by [12, 33, 34] , for confined concrete at ambient temperature, coefficient 2 has been recalibrated on the present test data in order to correctly predict the postpeak portion of the residual stress-strain curves of the confined concrete exposed to elevated temperatures. 
Verification of the Proposed Model
By redefining the different parameters in (1)- (11) the change in the shape of the stress-strain curves for the postheated fibrous confined concrete with different temperatures could be considered. However, to verify the validity of the proposed model, Figures 1(a)-1(f) show the comparison of analytical stress-strain curves with the experimental stress-strain curves of all the specimens. It can be observed that the agreement between the predicted and the experimental stressstrain curves is quite reasonable.
Conclusions
Analytical model for concrete confinement by rectilinear reinforcement at different exposure temperatures proposed by various researchers was studied. All three models were applied to high strength confined concrete specimens of CBH series. However no model provided the most accurate prediction for the stress-strain curve of high strength confined circular column at different temperature. Therefore, a model for representative postfire behaviour of high strength confined concrete and high strength fibre reinforced confined concrete was proposed. The following conclusions were drawn from this work. The models proposed by [29] , for residual test method, and [30] , for stress test method, underestimate the residual compressive strength of confined high strength concrete at high temperature in all the specimens. Therefore, a complete lack of agreement on the stress-strain behaviour is found between experimental and analytical results. However, limited work is reported; therefore, additional experimental test results at different temperature are needed to investigate the role of compressive strength of confined concrete, geometrical shape, test methods, and validity of the models. Further, the proposed model is able to generate a complete residual compressive stress-strain curve for both high strength confined concrete and high strength fibre reinforced confined concrete after exposure to high temperature. Good agreements are observed between proposed empirical equations and experimental results for residual stress-strain curves in all the specimens at different temperatures.
Notations
: Cross-sectional area of concrete in the column specimen section : Cross-sectional area of core concrete in the column specimen section : Area under the stress-strain curve of confined concrete : Area under the stress-strain curve of unconfined concrete : Gross area of column cross section st :
Gross sectional area of longitudinal steel tie : Cross-sectional area of a tie bar :
Core diameter centre to centre of parameter tie Delta :
Temperature difference between surface and centre of specimen :
Young's modulus of steel bars at ambient temperature :
Elastic modulus of steel bars exposed to elevated temperature :
Initial tangent modulus of elasticity of confined concrete :
Initial tangent modulus of elasticity of heated confined concrete :
Any stress value on the stress-strain curve :
Standard cylinder compressive strength of plain concrete on the day of testing :
Peak stress of confined concrete :
Compressive strength of unconfined concrete :
Stress at the inflection point of confined concrete stress-strain curve :
Nominal average lateral confining pressure acting on the core concrete :
Effective lateral confining pressure at peak confined stress :
Effective lateral confining pressure acting on the core concrete after being exposed to high temperature :
Nominal lateral confining pressure in heated concrete ℎ : Yield strength of lateral confining steel :
Yield strength of longitudinal reinforcement :
Residual yield strength of reinforcing bar after being exposed to high temperature : Confinement effectiveness coefficient :
Peak concrete load in the load-strain curve after deducting the contribution of steel :
Peak confined concrete load max : Maximum total applied load on the confined concrete column specimen :
Theoretical concentric capacity of specimen :
Gross concrete area force :
Core concrete area force :
Centre to centre spacing of confining ties :
Clear spacing of ties :
Exposed temperature ( ∘ C) :
Any strain value on the stress-strain curve :
Axial strain corresponding to max :
Axial strain corresponding to the stress, , of standard plain concrete cylinder 50 :
Axial strain at which the load drops to 50% of the peak confined concrete load 85 : Axial strain at which the load drops to 85% of the peak confined concrete load :
Axial strain at peak confined load (Room Temp) : Strain at peak load of unconfined concrete specimen at ambient temperature Advances in Civil Engineering
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: Strain at peak load of unconfined concrete specimen exposed to elevated temperature : Longitudinal reinforcement ratio in the core section : Volumetric ratio of longitudinal steel : Volumetric ratio of transverse reinforcement.
